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Ecological processes within forests provide vital ecosystem services to society, most of 27 
which depend on the persistence of tree cover after the impact of a perturbation. The 28 
aim of the present study was to examine the role of seed dispersal and resprouting, that 29 
mediate resilience to large fires, and evaluate the economic value that these ecological 30 
functions provide. We used field data from 412 plots of the Spanish National Forest 31 
Inventory (IFN) providing information on pre and post fire conditions of Mediterranean 32 
Pinus spp. and Quercus spp. dominated forests. Then we determined the need for 33 
restoration (NRest) and estimated the minimum pre-fire densities needed to ensure 34 
adequate post-fire cover.  35 
Economic valuations were assessed through three different scenarios (Sc) of possible 36 
human-management actions aimed at ensuring post-fire tree presence: Sc.1) A pre-fire 37 
management scenario evaluating the costs of planting Quercus spp. seedlings in the 38 
understory to ensure post-fire recovering, mimicking the whole dispersal function; Sc. 39 
2) A pre-fire scenario in which enrichment plantations increased the densities of natural 40 
oaks; and Sc. 3) A post-fire scenario where the restoration is done through planting 41 
pines within the burnt area.  42 
Around 90% of the burnt area (371 out of 412 plots) was able to recover after fire 43 
supporting the view that Mediterranean forests are resilient to fire. This resilience was 44 
primarily mediated by biotic seed dispersal and posterior resprouting of tree species. 45 
These ecological functions saved between 626-1326 €/ha compared to the human-46 
management actions. Ensuring key ecological processes within forests increased then 47 
forest resilience and recovery after fire leading to a generally significant saving of 48 
economic resources. In a perspective of increased future impact of perturbations and 49 
decrease availability of economic resources for forest management the implications of 50 
the present study can be far reaching and extended to other forest planning exercises. 51 
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 54 
Introduction 55 
Understanding the social value of ecological functions and the services provided to 56 
society is now a key focus within the framework of policy makers and ecosystem 57 
managers (Daily, 1997; Kremen, 2005; Huberman, 2009; Luck et al., 2009; Thompsom 58 
et al., 2009). A commonly accepted definition of ecosystem services is the one proposed 59 
by the Millennium Ecosystem Assessment (MA, 2005), defined simply as the benefits 60 
that people obtain from ecosystems. The MA further classifies ecosystem services into 61 
provisioning, regulating, supporting, or cultural services (Huberman, 2009). The 62 
attractiveness of the ‘ecosystem services’ concept is mostly due to its capacity to 63 
provide a link between management policies and environmental conservation strategies. 64 
Although the contribution of organisms to ecosystem dynamics is now generally well 65 
described, still little is known about the relationships between these processes within a 66 
social context (Kremen, 2005; Kremen et al., 2007; Luck et al., 2009). Ecosystem 67 
services such as carbon storage, water depuration, ground cover undertaking, pest 68 
control, pollination or seed dispersal, range from global to local impacts on society 69 
(Hougner et al., 2006; Naidoo and Ricketts, 2006; Kremen, 2005; Kremen et al., 2007). 70 
Therefore, it is vital to quantify the supply of ecological functions relative to social 71 
demands and assess the relative contributions of different species and their respective 72 
role (Kremen, 2005; Huberman, 2009).   73 
Some recent efforts at understanding the linkages between biodiversity, ecosystem 74 
processes, ecosystem services, and human well-being, relate to the concept of resilience 75 
(Mäler et al., 2008; Huberman, 2009). A system’s resilience can be described as its 76 
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capacity to absorb external shocks without suffering a posterior change in state, and its 77 
ability to then recover from a wide range of environmental stresses and disturbances 78 
(Holling, 1973). Because of the different services provided by forests to societies, forest 79 
resilience as well as the ecological factors determining that resilience become priority 80 
targets to ensure provision of those services in a rapidly changing context dominated by 81 
environmental disturbances (SCBD, 2001; Thompsom et al., 2009).  82 
Critical services associated with forest systems are dependent on the persistence 83 
of an adequate tree cover providing the vertical structure allowing different ecological 84 
processes to occur. The possibility of recovering tree overstory after a disturbance 85 
allows the system to rapidly recover ecosystem services of high social value including 86 
better soil protection and water quality, carbon (CO2) fixation, possibility of hunting, or 87 
simply encompassing scenic beauty (Luck et al., 2009). Thus, understanding and 88 
managing ecological interactions, and ensuring that forests are resilient to 89 
environmental variations, are crucial to maintaining the delivery of services associated 90 
with forest ecosystems (Kremen et al., 2007; Mäler et al., 2008; Luck et al., 2009). 91 
Fire often acts as a major driver of drastic changing land-use and vegetation 92 
dynamics. This situation is especially true in Mediterranean-basin areas due to 93 
interactions between the historical changes in land uses (such as generalized land 94 
abandonment, increasing urbanization) and recent climate changes involving increases 95 
in temperature and the number of future drought events (IPCC, 2007). These 96 
circumstances lead to strong changes in fire regimes and increase the unpredictability of 97 
their ecological and social consequences (Rodrigo et al., 2004; Rodrigo, 2006; Curt et 98 
al., 2009). Species dominating Mediterranean forests have often the capacity to recover 99 
rapidly from disturbance impacts such as fire. This capability is derived from different 100 
strategies varying among species including resprouting from unburnt tissues, or 101 
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germinating seeds that remained viable in the soil or in the crowns (Broncano et al., 102 
2005; Curt et al., 2009). However, in spite of this capability, Mediterranean forests 103 
often do not regenerate after fire or suffer strong transitions to different species 104 
composition, threatening the persistence of services associated to an adequate forest 105 
cover (Rodrigo et al., 2004). Therefore, acquiring information about the resilience or 106 
capacity of a forest to recover after fire is becoming a crucial target in making better 107 
forest management decisions (González et al., 2005a, b; Rodrigo, 2006; Puettmann et 108 
al., 2008; Curt et al., 2009). 109 
Our study system consisted of mixed oak-pine dominated landscapes affected by 110 
fire, with seed disperser animal species capable of dispersing seeds before and after fire 111 
(Kremen et al., 2007; Castro et al., 2010; Curt et al., 2009). The system offers 112 
interesting traits for valuation of resilience as the focal species act both as keystone 113 
species and key service providers (Mäler et al., 2008; Luck et al., 2009). The general 114 
aim of this article is to evaluate the resilience of the forest after fire disturbances, as 115 
well as the ecological drivers for this resilience (e.g., biotic seed dispersal and 116 
resprouting ability of tree species functions). We define forest resilience as the capacity 117 
of quickly recovering appropriate tree cover after a severe fire disturbance. To estimate 118 
forest resilience we explicitly defined adequate minimum post-fire tree overstory in the 119 
landscape (i.e. forest resilience) and analyzed the management costs needed to mimic, 120 
by human actions, such resilience scenarios otherwise obtained though ecological 121 
functions.  122 
Three specific questions were addressed. First, to what extend are pine 123 
dominated forests resilient to large fire disturbances? Second, is resilience after fire 124 
mediated by Quercus seed dispersal and resprouting? Third, what is the economic value 125 
these ecological functions provide to society in terms of resilience insurance? In other 126 
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words, we aim at assessing the relative economic value of substituting the ecological 127 
functions provided by the ecosystem (e.g., seed dispersal/resprouting) with actions 128 
required by anthropogenic management to ensure a similar result (Mäler et al., 2008).  129 
 130 
Methods 131 
Study site and species 132 
The study area was located in a north-eastern region of Spain (41º45´-42º6´N; 1º38´-133 
2º1´E, Fig. 1) and included landscape affected by two large fires (> 65000 ha in total) 134 
leading to widespread pine mortality and almost complete loss of tree cover occurring in 135 
1994 and 1998 (Rodrigo et al., 2004). The area was dominated by Pinus halepensis and 136 
Pinus nigra forests stands prior to the fires (ICONA, 1993; Fig. 1). After an intense 137 
disturbance such as a crown fire, Pinus nigra forests virtually do not regenerate 138 
naturally while Pinus halepensis forests can recover by germinating seeds from 139 
pirophyte cones (Rodrigo et al., 2004; Broncano et al., 2005). Crown fires pose a strong 140 
threat to forest associated services in the area by eliminating pine tree cover and 141 
promoting vegetation transition to shrublands and grasslands. On the other hand, and 142 
due to microclimatic and historical factors, these forests host a variable occurrence rate 143 
of Quercus spp in their understory (mainly Q. ilex and Q. faginea, ICONA, 1993; 144 
dispersed by jays (Garrulus glandarius) in the region, Gómez, 2003; Pons and Pausas, 145 
2008; authors’ personal observations). At any stage of its life, Quercus spp. have the 146 
ability to resprout from unburned tissues contributing to enhance the persistence of tree 147 
cover after fire in the burnt area (Espelta et al., 2003; Rodrigo et al., 2004; Curt et al., 148 
2009). Therefore, they become an important element for the resilience of these types of 149 
systems. 150 
 151 
Sampling design and data analysis 152 
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To analyze forest resilience patterns in the area, we estimated tree cover densities from 153 
burnt sites before and after fires and estimated the minimum pre-fire tree densities 154 
needed to ensure adequate post-fire tree cover due to posterior resprouting. In this study, 155 
an area with a minimum of 127 trees/ha after a fire was considered as being forested 156 
according to the criteria used by the National Forest Inventory (IFN in Spanish, ICONA 157 
1993-2000) and its definition of minimum sapling cover necessary to becoming a 158 
proper forest (a minimum of 1 regenerated sapling between 2.5- 7.5 cm diameter (ø) 159 
identified within the 5 meter radius sub-plot) (DGCN, 2005). Therefore, the values 160 
below 127 trees/ha were considered as shrublands or grasslands, while values equal or 161 
above 127 saplings/ha were assumed to become forest, independently of environmental 162 
or topographic conditions. 163 
We used field data obtained from plots of the Spanish IFN. The IFN consists of 164 
permanent plots distributed on a 1 km2 grid, with a re-measurement interval of about 10 165 
years. The plots have a mobile radius where the trees are recorded within different 166 
distances from the center depending on their diameter. Within the minimum radius sub-167 
plot (5 meters) the densities of seedlings and saplings of every tree species were 168 
measured. In the study area, the second inventory (IFN2, ICONA, 1993) took place 169 
during 1989-1990, while the third inventory (IFN3, DGCN, 2005) was completed in 170 
2000-2001. Because fires in the study area occurred in 1994 and 1998, the data from the 171 
plots included samples before and after the fires occurred. From all available inventory 172 
plots, we selected those including P. halepensis and P. nigra as predominant overstory, 173 
that were located within the perimeters of forest fires that took place between the two 174 
inventories (N = 412 plots). To avoid confusion with resprouting roots and ensure that 175 
Quercus sp. in the plot where biotic dispersed, plots containing adult Quercus spp. were 176 
excluded. By this, , we were confident that the majority of the Quercus saplings and 177 
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seedlings considered in our study were established naturally, due to biotic seed dispersal 178 
at anytime before the IFNs (Gómez, 2003; Hougner et al., 2006). Within these plots, the 179 
number of small established trees with resprout ability in the 5 m radius subplots was 180 
measured (Quercus spp. of >2.5cm and <7.5cm of diameter, hereafter called saplings) , 181 
and a semi-quantitative account of densities for four categories (0-3) for smaller 182 
resprouters (<2.5cm ø, hereafter called seedlings) was also assessed: 0, equals no 183 
seedlings/plot; 1 equals 1-4 seedlings/plot; 2 equals 5-15 seedlings/plot; and 3 equal 184 
>15 seedlings/plot) . As the data comprises two periodical censuses of forests, we could 185 
further compare tree species composition and densities before and after the fire 186 
occurred.  187 
 188 
To analyze the studied forest resilience after fire, we calculated the probabilities to find 189 
individual resprouters (either saplings or seedlings) before and after the fire occurred. 190 
Plot data were split following (1) the dominance of P. halepensis and P. nigra pine 191 
species and (2) the presence and absence of saplings (2.5- 7.5 cm ø as described above) 192 
and presence and absence of seedlings (<2.5cm ø) resprouters. The variable used to 193 
describe fire damage at the plot level was the proportion of dead trees after fire. All the 194 
dead trees corresponded to the pre-fire dominant species in the plots (Pinus halepensis 195 
or P. nigra). This information was then used to estimate the restoration need (NRest) 196 
after fire for each plot. A post-fire restoration would be needed to ensure resilience 197 
(NRest = 1) if minimum densities for a forest were not reached (127 trees/ha), and fire 198 
damage was equal or higher than 0.8 (as the threshold of intense fire damage in 199 
González et al., 2007); otherwise the plot would not require post-fire restoration and 200 
NRest = 0.  201 
  
9 
 
Statistical models were then built using NRest as the dependent variable and pre-fire 202 
densities of saplings (Dresp) and presence of seedlings (PSresp) as explanatory variables. 203 
We used a generalized linear model (GLZ) using a binomial distribution and logit link 204 
function (Eq. 1) as: 205 
 206 
(1) NRest ~ Dresp + PSresp + Dresp * PSresp. 207 
Potential resilience scenarios 208 
Economic valuations, derived from activities carried out to ensure appropriate post-fire 209 
tree cover, were assessed through three different scenarios of human forest 210 
management: (1) a pre-fire management scenario (Sc.1) in which we assumed no pre-211 
fire seed dispersal and for which we estimated the costs of planting oak seedlings 212 
mimicking the whole dispersal function (Gómez, 2003) in the understory of the Pinus 213 
nigra stands at densities that would further ensure post-fire resprouting and recovering; 214 
(2) a pre-fire management scenario in which enrichment of plantations with oaks was 215 
carried out increasing the densities of natural established oak saplings to further ensure 216 
complete recovering after fire (Sc.2, Puettman et al., 2008); and (3) a post-fire 217 
management scenario (Sc.3), assuming no resprouting ability, in which the restoration 218 
of the tree cover is done after fire through planting the previous tree species (P. nigra) 219 
within the burnt area (Espelta et al., 2003; Rodrigo et al., 2004). All economic 220 
valuations were computed only for plots without proper tree cover (i.e. needing 221 
restoration) after fire, and excluding the areas previously populated by P. halepensis. 222 
For each scenario we conservatively used the less expensive method without including 223 
potential replacement of seedlings due to post-planting losses.  224 
 225 
Pre-fire management scenarios 226 
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To ensure post-fire resilience in the absence of natural seed dispersal, the pre-fire 227 
artificial management should include the costs of manually planting seedlings or 228 
saplings at densities that ensure post-fire tree recovering. Costs were computed relying 229 
on the assumption of full tree recovering after fire (NRest = 0). These were based on 230 
nominal logistic inverse models to compute the mean, lower and upper limit of 231 
saplings/ha values at = 0.05 needed to ensure recovering after fire, considering the 232 
presence or absence of seedlings.  233 
A more realistic probability of restoration was calculated for each individual plot using 234 
the probability for tree recovering after fire obtained from the NRest GLM formula. Thus, 235 
we considered the probabilities of restoration obtained from the previously adjusted 236 
model, fitting the following equation (2) to each individual plot: 237 
(2)   P(NRest)=        )002.0()72.219D(0 )002.0()72.219D(1resp30.10 30.11respresp resprespPSPSD01.085.01
1
xExp
 238 
Where  PSresp = 1 when there are seedlings present in the plot, and 0 otherwise. 239 
Individual probabilities were considered for each plot to compute the full valuation of 240 
planting before the fire to ensure proper tree cover after the fire. For this valuation, we 241 
used the value of P(NRest) at each plot multiplied by average cost/ha in euros of 242 
manually planting seedlings in the understory of Pinus forests to ensure adequate post-243 
fire tree cover of 1043 individuals/ha, as the mean density to ensure post-fire tree cover 244 
(see further results in Table 1). We conservatively1 estimated the cost of planting 245 
seedlings of Quercus spp. in the understory of Pinus stands at 1326 €/ha (Forestal 246 
Catalana, 2007). Savings costs accrued by seed disperser’s activity were computed for 247 
each plot using the replacement cost method (as in Hougner et al., 2006). This entails 248 
                                                 
1
 Using the cheapest techniques available and without considering extra potential costs of seedlings 
replacement following post-planting failures caused by environmental factors from Catalonian public 
forest enterprise fares. 
  
11 
 
subtracting the restoration needs costs (RCosts) from the potential costs of pre-fire 249 
managing by planting seedlings in the whole area (WCosts). For the whole area valuation 250 
(Eq. 3), we assumed that each plot represented an area of 100 ha (ICONA, 1993-2000).  251 
 252 
(3) 253 
 254 
Where W  represents the total costs for the whole area (using the estimate of 1326 €/ha) 255 
and iR  corresponds to the real costs considering restoration at each stand (computed 256 
using 1326€/ha* P(NRest). 257 
 258 
Post-fire management scenario 259 
We calculated the costs of reforesting the area burned that did not show adequate post-260 
fire tree cover using a medium cost of 1020 €/ha (Espelta et al., 2003; Forestal Catalana, 261 
2007). To calculate the costs saved on post-fire reforestation because of the resprouters’ 262 
effect, we subtracted this value from the potential costs of restoring the whole study 263 
area.  264 
 265 
Results 266 
Ranges of Resilience 267 
The average pre-fire sapling density value (Dresp) needed to ensure proper recovering 268 
after fire when oak seedlings were present in the pine forest understory before fire, as 269 
820.9 individuals/ha (ind./ha), (99% confidence interval, 595.3- 1351.1 ind./ha) (see 270 
specific ranges of Quercus densities after fire for each plot in Fig. 2). Alternatively, in 271 
cases in which no seedlings were present in the understory before fire, the mean value 272 
 )/(€)/(€
:
cos haRhaWTotal Costsi
ji
CostsitsSaved 
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of Dresp needed to ensure resilience was higher at 1042.9 ind./ha, (99% confidence 273 
interval, 758.7 - 1709.2 ind./ha).  274 
 275 
Resilience of the forest after fire 276 
Before the fire, 335 plots (81.3% of the total) presented already established Quercus 277 
spp. individuals  (saplings and seedlings in, respectively 48.7%  and 51.3% of the plots) 278 
(Fig. 3). 279 
According to the observed post-fire responses in our study area, only 60 of the total 280 
measured plots (14.6%) would require restoration operations because the availability of 281 
oaks to persist in the understory of pine forest after fire impact (showed in Fig.3 as the 282 
sum of *NRest= 0 and NRest = 1). Furthermore, considering that areas previously stocked 283 
with pine species (P. halepensis, on the left of Fig. 3, *Nref= 0), usually regenerate after 284 
fire (see Rodrigo et al., 2004), the number of plots needing restoration after fire to 285 
ensure proper tree cover decreases to 29 out of 243 (shown in black in Fig. 2 and right 286 
side of Fig. 3), corresponding to 11.9% of total plots previously dominated by P. nigra. 287 
 288 
Variability in post-fire tree cover 289 
Restoration needs after fire (NRest) depended on pre-fire sapling density (Dresp) and the 290 
presence of seedlings (PSresp) before fire but not on the interaction of the sapling density 291 
and the presence of seedlings (Table 1). Thus, plots with higher sapling densities or 292 
with the presence of seedlings in the pine understory recovered their tree cover better 293 
after fire (see Fig. 2 for visually see which areas recover after fire and which ones need 294 
restoration). The full model explained 34% (p < 0.0001) of the total variance.  295 
 296 
Economic valuation of resilience management scenarios  297 
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Scenario 1: Pre-fire management assuming no seed dispersal before fire 298 
Planting oak seedlings before fire to ensure post-fire tree recovery was considered 299 
necessary in 243 plots (an equivalent of 2.43 *104 ha of total area). The management 300 
costs needed to obtain a minimum planting density to ensure post-fire resprouting and 301 
further tree cover were estimated at 1326 €/ha. Carrying out those management 302 
practices to compensate for the absence of the seed dispersal function could thus, add up 303 
to 32.22 millions € for the whole study area (Table 2, Table 3).  304 
 305 
Scenario 2: Pre-fire management enrichment complementing the natural density of oaks 306 
Considering the existence of natural established saplings and seedlings, the costs of 307 
carrying out enrichment practices to ensure enough pre-fire sapling densities for an 308 
adequate tree recovery after the fire (i. e. NRest = 0), ranged between 0-699.42 €/ha 309 
(calculated for each plot using P(NRest) * 1326 €/ha, Table 2). The total costs of adding 310 
supplementary seedlings for ensuring adequate post-fire tree recovery for the whole 311 
area, only for stands with previous P. nigra, (N=243 plots ~ 2.43 *104 ha of total area) 312 
would be 41,485.19 €. In other words, the ecological functions of seed dispersal and 313 
resprouting ability could save between 626.58 €/ha to 1326.00 €/ha, depending on the 314 
plot, compared to the artificial pre-fire management cost, (1326 €/ha, Scenario 1). The 315 
total savings for the whole study area could reach 280,732.81 €, a considerable 316 
reduction in comparison with scenario 1 in which already existing, naturally dispersed 317 
Quercus individuals were not included (Table 3).  318 
 319 
Scenario 3: Post-fire management assuming no resprouting 320 
This scenario implies a potential post-fire management action by substituting the 321 
resprouting ability. In this valuation those plots showing no tree cover after fire due to 322 
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lack of resprouting species were excluded (n=41). Thus, including the costs of planting 323 
the previous vegetation (Pinus nigra) after fire (1020€/ha) for the whole area (202 plots 324 
~ 2.02 *104 ha of total area) could reach up to 20.60 millions of € (Table 3).  325 
 326 
Discussion 327 
Mediterranean tree species are often adapted to harsh environmental conditions and are 328 
historically resilient to disturbances (Rodrigo et al., 2004; Thompson et al., 2009). Our 329 
results support this view. Most burnt forests recovered their tree cover after a major fire 330 
impact but in some cases that resulted in a change in dominant tree species. The 331 
observed changes in species dominance after the disturbance agreed with those 332 
previously described in other studies (see references in Espelta et al., 2003; Rodrigo et 333 
al., 2004; Broncano et al., 2005). Therefore, changes in climate and/or land uses could 334 
significantly affect not only the species composition but also the biological functions of 335 
this forests type. The final outcomes under expected future scenarios will depend on, 336 
amongst other things, changes in fire regimes and forest management activities (see 337 
references in Thompson et al., 2009). For example, shorter fire occurrence intervals will 338 
be particularly harsh on pines because it would not allow them to reach their 339 
reproductive stage (Rodrigo et al., 2004).  340 
 341 
The resilience of forests after fire was mediated by a combination of 342 
concatenated ecological functions of biotic seed dispersal and posterior resprouting 343 
ability of seed-dispersed tree species. In our system, the European jay, Garrulus 344 
glandarius, naturally disperses the Quercus spp. acorns into Pinus sp. forests stands 345 
(Gómez, 2003; Hougner et al., 2006). Jays move and cache a huge amount of acorns 346 
during the fall for consumption during the winter (Gómez, 2003). Interestingly, they 347 
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tend to cache the acorns in specific areas that are especially good for the survival and 348 
growth of the Quercus seedlings (Gómez et al., 2004; Puerta-Piñero et al., 2007). This 349 
situation leads to a well-established seedling and sapling bank under pines overstory, 350 
which creates a forest with large number of tree species (Thompson et al., 2009). This 351 
higher number of species before the fire contributes itself to a significant role by 352 
enhanced biodiversity and number of ecological functions within these mixed stands 353 
(Hooper et al., 2005). Therefore, when fire occurs, oaks are able to resprout, thus 354 
conferring to the forest the ability of rapidly recover the tree overstory and ground cover 355 
(Rodrigo et al., 2004; Broncano et al., 2005).  356 
 357 
In addition, enhanced ecosystem resilience ensures the provision of goods and 358 
services to society. The costs for assuring resilience because the presence of resprouting 359 
species was considerably lower than those reported for other species of trees (Espelta et 360 
al., 2003). The calculated before-fire densities of saplingsneeded to ensure post-fire 361 
recovering went from one third (595-1042 ind./ha) to three quarters (1100-1600 ind./ha) 362 
of the plant densities commonly used for reforestation purposes after disturbances 363 
(Pemán and Navarro-Cerrillo, 1998). Under these conditions, the values of both seed 364 
dispersal and resprouting ability are of great importance to society in terms of economic 365 
savings. The total estimated costs for a human assisted seed dispersal scenario (Sc.1) 366 
were more than 775 times (costs Sc.1/ costs Sc.2) the estimated costs associated with a 367 
natural scenario sustained by ecological functions (Sc.2). By contrast, without the 368 
capacity of the tree species to resprout after fire the costs borne by society could be 369 
more than 495 times higher than under the natural situation (costs Sc.3/ costs Sc.2). 370 
Taking into account both ecological functions (seed dispersal and resprouting) 371 
simultaneously, the savings from maintaining these mixed Pinus-Quercus forests could 372 
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be between half and the total costs of before fire managing actions to ensure forest 373 
cover resilience. Obviously, our economic valuation was rather conservative as it only 374 
takes into account the economical implications of restoring a predefined vegetation 375 
cover and, for example, do not consider management implications associated to 376 
dominant species shifts. The main take home message derived from our results for 377 
decision makers is that ensuring key ecological processes within forests increase forest 378 
resilience and recovery after a disturbance like fire leading to a generally significant 379 
saving of economic resources. In a perspective of increased future impact of 380 
disturbances and decrease availability of economic resources for forest management, the 381 
implications of the present study can be far reaching and extended to other forest 382 
planning exercises. 383 
In the present context of rapid environmental change, protection and restoration of 384 
biodiversity elements are needed to maintain the mixed Pinus-Quercus Mediterranean-385 
type forests and their ongoing capacity to quickly recover from disturbances (SCBD, 386 
2001; González et al., 2005a; Hooper et al., 2005; Thompson et al. 2009). Although our 387 
study focuses on a Mediterranean system containing a few key species, we believe that 388 
our results are straightforward and easily transfer to other systems incorporating 389 
different species and disturbances. However, it is clear that forest resilience can be 390 
overcome and that not all forest types or tree species recover equally well to all forms 391 
and combinations of stressors (Luck et al., 2009). In the Mediterranean Basin important 392 
changes in fire regimes are expected in many areas in response to climate warming 393 
(Thomson et al., 2009). In these systems, particular care must be taken to maintain those 394 
ecological functions that strengthen the resilience of forests: dispersion and 395 
development of resprouting species. Management actions aiming at (i) improving the 396 
growth conditions of Quercus species developing in the understory (e.g. creating a 397 
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diverse range of light environments (Gómez-Aparicio et al. 2009, González-Moreno et 398 
al. 2011)), (ii) promoting enrichment plantations of conifer stands with resprouting 399 
species (Prévosto et al. 2011) or still (iii) favouring the action of dispersal animals 400 
(Pausas 2004) could be envisaged. 401 
Overall, as stated by Puettmann et al. (2008), new silvicultural tools are needed to 402 
reinforce the maintenance of the heterogeneity in ecosystem structure, composition and 403 
function (SCBD, 2001). Modeling the impact of future land-use scenarios on service 404 
provision and the economic value of forests under different alternatives to optimize the 405 
allocation of economic resources is the forthcoming challenge (Thompsom et al., 2009). 406 
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Table 1. Results of the GLZ analyzing the necessity of post-fire restoration in relation to 524 
density of saplings (Dresp) and presence (or absence) of seedlings (PSresp) 525 
 2 p-value 
Dresp 69.83 0.04 
PSresp 4.22 <0.0001 
D*PS 0.22 0.64 
 526 
 527 
 528 
 529 
 530 
 531 
 532 
 533 
 534 
 535 
 536 
 537 
 538 
 539 
 540 
 541 
 542 
 543 
 544 
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Table 2. Economic estimates based on the probabilities of restoration need  545 
P(NRest=0) P(NRest=1) N plotsa ƩRCost/ha Ʃ Saving /ha 
0.47 0.53 12 8393.04 7518.90 
0.60 0.40 5 2634.74 3995.25 
0.61 0.39 1 522.93 803.07 
0.72 0.28 5 1851.78 4778.22 
0.81 0.19 6 1486.12 6469.88 
0.82 0.18 2 485.18 2166.82 
0.86 0.14 110 20687.70 125172.30 
0.88 0.12 7 1109.51 8172.49 
0.92 0.08 2 201.56 2450.44 
0.93 0.07 3 292.43 3685.57 
0.94 0.06 35 2828.44 43581.58 
0.95 0.05 1 66.966 1259.03 
0.96 0.04 3 178.057 3799.94 
0.97 0.03 10 341.65 12918.37 
0.98 0.02 8 236.13 10371.85 
0.99 0.01 10 121.82 13138.19 
1.00 0.00 23 47.35 30450.65 
Columns indicate the probabilities of not needing and needing restoration, and the sum 546 
of the costs and savings compared to the estimate of 1326 €/ha and based on individual 547 
probabilities at each plot.  548 
a
 Note: Each plot represent an area of 100 ha as the IFN points out in its sampling 549 
design (see Methods). 550 
 551 
 552 
 553 
 554 
 555 
 556 
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Table 3. Economic global evaluation of each hypothetical human-management scenario.  557 
Scenario Cost/Ha  
(€/ha) 
Plotsa  Costs to ensure resilience 
(millions €) 
Pre-fire Oak plantation (Sc. 1) 1326 243  32.22 
Pre-fire Oak Enrichment (Sc. 2) 0-699 243  0.04 
Post-Fire Pine reforestation (Sc. 3) 1020 202  20.60 
a
 Note: Each plot represent an area of 100 ha as the IFN points out in its sampling 558 
design (see Methods). 559 
 560 
 561 
 562 
 563 
 564 
 565 
 566 
 567 
 568 
 569 
 570 
 571 
 572 
 573 
 574 
 575 
 576 
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Figure legends 577 
Figure 1. Study sites. Geographical location of the study sites showing the main land 578 
uses before fire.  579 
 580 
Figure 2. Post-fire resprouters densities. Picture shows the ranges of post-fire densities 581 
of Quercus spp. Squares with a black border correspond to areas with ≥ 80% of the trees 582 
damaged after the fire, and present low post-fire Quercus densities. Therefore 583 
correspond to areas that would need post-fire restoration (NRest=1, see methods). 584 
 585 
Figure 3. Forest resilience after fire. Diagram showing the transitions before and after 586 
fire of pre-fire pine forested plots. Plots are split into presence or absence of resprouters 587 
(Quercus spp.) sapling and seedling in their understory. Percents between levels 588 
indicate the percent of the previous step that correspond to the next level. Numbers in 589 
brackets corresponds to the number of plots with the target final value. The post-fire 590 
restoration need (NRest=1) is defined a posteriori for those plots having <127trees/ha 591 
(see methods) and fire damage ≥ 80% of the pre-fire trees in the plot.  592 
*NRest corresponds to post-fire plots where no Quercus but Pinus halepensis 593 
saplings/seedlings were established. 594 
 595 
 596 
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